Fetal motion continues to be one of the major artifacts in in-utero functional MRI; interestingly few methods have been developed to address fetal motion correction. In this study, we propose a robust method for motion correction in fetal fMRI by which both inter-slice and inter-volume motion artifacts are jointly corrected. To accomplish this, an original volume is temporally split into odd and even slices, and then voxel intensities are spatially and temporally interpolated in the process of image registration. Our experimental data demonstrate that our method was more effective in correcting fetal motion artifact compared to traditional motion correction methods.
Introduction
Fetal movement seriously deteriorates the quality of in-utero functional MR images by causing geometric mismatch between volumes. In addition, it gives rise to geometric distortion of intensities between subsequent slices which are acquired sequentially. A few methods have been suggested to correct interslice motion as well as inter-volume motion (1) (2) (3) (4) . The objective of this study was to propose a robust method where spatial distortion of structure and intensities which is present between slices is effectively corrected considering temporal variation of voxel intensities.
Methods
The proposed method for motion correction is organized into five steps: temporal expansion, spatial interpolation, image registration, temporal interpolation, and temporal compression as depicted in Figure  1 . First, an original 4D sequence of length L with time interval ∆ t(=TR) is temporally expanded into a sequence of length 2L with interval ∆ t/2 by alternating odd and even slices as it was acquired with interleaved scan. The missing slices in each expanded volume are filled using shape-preserving piecewise cubic interpolation over slices. Both inter-slice and inter-volume motion artifacts are then simultaneously corrected by registering each expanded volume into a given template image using either rigid or non-rigid transformation. Voxel-wise temporal interpolation between time points is applied based on linear polynomial curve fitting to correct the temporal variation between odd and even slices. Finally, the temporal resolution of ∆ t/2 is reduced to the original interval ∆ t by taking just odd volumes. To evaluate the performance of the proposed method, four healthy pregnant women at 28-37 weeks gestation were examined with BOLD fMRI on a 1.5T MR scanner (GE). A volumetric MR image sequence including the whole placenta was acquired for each subject during 4-minute maternal hyperoxia with imaging parameters TE=1s, TR=2s, flip angle=90˚, voxel size 3.28x3.28x8 mm 3 , and slice gap 2 mm.
Rigid image registration was applied for simulated data using FLIRT (as a part of FSL)(5) while nonrigid registration was applied for in-utero fMRI data using Elastix(6). Structural similarity index (SSIM), which was related to correlation in intensities and structure between volume and template, was then computed as a metric to assess the performance of motion correction (7).
Results
Figure 2 illustrates that the spatial mismatch and intensity distortion between slices caused by motion artifact were effectively eliminated from an fMRI volume of the placenta. As listed in Table 1 , The SSIM score improved by 4.53% on average after both spatial and temporal interpolations were jointly applied.
On the other hand, the SSIM score negligibly increased by only 0.43% on average after only spatial interpolation was applied as proposed in (8) . 
Discussion and Conclusion
Spatiotemporal interpolation was used in the proposed method to correct severe motion artifact in in-utero fMRI data. Our preliminary data especially demonstrated its performance in correcting geometric mismatches between slices, as shown in the improvement in structural similarity of each volume with template. Our work offers technical advances for reliable fMRI studies in the moving fetus.
